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Introduction
Studying the interactions between atmosphere and ocean is essential for better understanding biogeochemical cycles in the ocean, a critical step toward accurate modeling of ocean dynamics under climate and anthropogenic changes (e.g., Law et al., 2013; Liss and Johnson, 2014) . With 500 Mt per year of dust deposited to the surface ocean (Law et al., 2013) , the atmosphere is a significant pathway for the transport of material from natural and anthropogenic sources to the coastal and open ocean. Atmospheric deposition is a source of external new nutrients to the ocean (i.e., Duce et al., 1991) . Over the past decade, a number of studies have investigated post-depositional processes (dissolution, adsorption) of atmospheric nutrients in seawater and the impact of atmospheric deposition on biological activity (i.e., Guieu et al., 2014b) . Most of the so-called "dissolution experiments" have been performed in bottles with a constant and homogeneous concentration of particles over the course of the experiment. As exchanges between dissolved and particulate phases occur while the atmospheric particles are sinking in the ocean, results from such "batch" approaches, that do not take into account the vertical dimension, could lead to incorrect quantifications of dissolution/scavenging processes involving atmospheric particles (de Leeuw et al., 2014) . Additionally, most studies do not take into consideration the biogeochemical characteristics of the water used in experiments, such as the amount of dissolved organic matter.
Mineral aerosol particles are a dominant source of phosphorus (P) and iron (Fe) to the open ocean as they represent 83% of atmospheric total P and 95% of atmospheric total Fe globally (Jickells et al., 2005; Mahowald et al., 2008 Mahowald et al., , 2009 Krishnamurthy et al., 2010; Liss and Johnson, 2014) . Contrary to P and Fe, nitrogen (N) is dominated by anthropogenic emissions in gaseous form which represent 80% of the annual N deposition (67 Tg N yr −1 in 2000) to the global ocean (Duce et al., 2008) . Such input could support up to 3% of all oceanic annual new production (Duce et al., 2008) and 20% in regional seas subject to high anthropogenic N deposition such as the South China Sea (Kim et al., 2014) . During the transport of dust, in particular in the marine atmosphere where the relative humidity is high, the atmospheric gas HNO 3 reacts with mineral particles rich in carbonates and leads to coating of dust by nitrates (Krueger et al., 2004; Formenti et al., 2011) . A strong mixing of dust in polluted air masses can allow an enrichment of anthropogenic N on mineral particles that may also become a significant source of N.
New nutrients from the atmosphere such as N, P, and Fe have the potential to impact marine biogeochemistry in Low Nutrient Low Chlorophyll waters (i.e., Guieu et al., 2014a) ; as is the case in tropical waters where N 2 fixation can be co-limited by Fe and P (Mills et al., 2004) and in the Mediterranean Sea where the pelagic community can be limited by the bioavailability of P and N during the stratified period (Tanaka et al., 2011; Ridame et al., 2014) .
The Mediterranean Sea, an oligotrophic basin characterized by an unusual high N/P ratio [about 21-23 in Western basin, (Bethoux et al., 1992) ] is subjected to high Saharan dust deposition, which can serve as a significant source of new P and Fe to this semi-enclosed basin. Additionally, a strong internal mixing of dust and nitrate from polluted European and North African air masses (e.g., Putaud et al., 2004) by cloud processes implies that Saharan dust events are likely a source of anthropogenic N.
A previous study taking into account the vertical dimension necessary for the study of the fate of atmospheric nutrients in the ocean was carried out in the framework of the DUNE project. Dust seeding over large, clean in situ mesocosms (Guieu et al., , 2014b showed that a wet deposition event resulted in a strong increase in the N/P ratio in surface waters due to the higher input of NO − 3 relative to PO 3− 4 in the evopocondensed dust used for the experiment (Ridame et al., 2014) . Such dust input can either be a source or a sink of dissolved iron (DFe) depending on the biogeochemical conditions of the seawater Ye et al., 2011; Wuttig et al., 2013) . Phosphate turnover time (TPO 3− 4 ), which represents the ratio between natural concentration and uptake by plankton (Thingstad et al., 1993) , are very short in the surface waters of the Mediterranean Sea (e.g., Thingstad et al., 1996; Moutin et al., 2002) making it difficult to observe and follow the fate of new nutrients and to deconvolute biological processes from post-deposition abiotic processes onto dust (i.e., dissolution/adsorption). Therefore, this previously overlooked differentiation is crucial for future modeling of atmospheric nutrients inputs.
A logical follow-up to the DUNE project was to study the fate of new nutrients after a dust deposition in abiotic conditions. As with the previous project, the strategy involved simulated dust depositions, but was performed on top of seawater volumes large enough to take into account the vertical dimension of particle sinking while also eliminating the processes involving living organisms. We performed three experiments in clean "minicosms" filled with 300 L filtered seawater (<0.2 μm). The seawater was collected in the bay of Villefranche-sur-mer during 3 contrasting seasonal scenarios: (1) during winter mixing, (2) immediately after the spring phytoplankton bloom, and (3) at the end of the stratification period during the end of summer. The behavior of the DFe in these experiments, conducted inside a clean room, have been previously presented in Bressac and Guieu (2013) . This study revealed contrasted post-deposition processes affecting the DFe concentration [DFe] : during the spring and summer experiments, the rapid formation of aggregates induced a negative feedback on [DFe] through scavenging, while a fraction of DFe was likely organically complexed. During the winter experiment, the absence of aggregation processes led to a large transient increase in [DFe] before being removed by adsorption onto settling particles. These contrasting behaviors were attributed to differences in the quantity and quality of the dissolved organic matter (DOM) in the seawater utilized. This study confirmed that atmospheric iron dissolution in seawater is not controlled by similar processes throughout the year, as it depends on seasonal in situ conditions such as DOM concentration, an outcome previously shown by Wagener et al. (2008) . Indeed, during the spring bloom, DOM is more abundant than during winter. It accumulates in the euphotic zone from spring to late summer following the increase in primary and secondary production (Copin-Montégut and Avril, 1993) . This fresh DOM is assumed to be labile and mainly composed of acid polysaccharides and sugars thought to serve as precursors to transparent exopolymeric particles (TEP). TEP acts as an organic glue and is required for the formation of sinking aggregates (Kepkay, 2000; Passow, 2000; Beauvais et al., 2003) . During summer in the study area, the increase in TEP concentration is consistent with the accumulation of carbon-rich DOM (Avril, 2002) , with TEP-C concentrations corresponding to 25% of the total organic carbon (Mari et al., 2001) .
We measured the concentration of NO − 3 and PO 3− 4 from samples collected during the same experiments as described in Bressac and Guieu (2013) . The objectives of this study are (1) to present PO 3− 4 and NO − 3 results using nanomolar sensitivity analytical techniques and (2) to link the dynamics of PO 3− 4 and NO − 3 to the physical-chemical processes (dissolution, adsorption, and aggregation) (taking into consideration the DOM pool by measuring concentrations of TEP and absorption of the chromophoric DOM) occurring in low-nutrient waters after a dust event in contrasting biogeochemical conditions and, (3) to discuss the potential biogeochemical effect of such atmospheric input in LNLC waters.
Material and Method

Minicosm Experiment
The experimental setup is fully described in Bressac and Guieu (2013) . A short summary is given here. A polyethylene (PE) tank (height = 1.09 m; diameter = 0.68 m; surface area = 0.36 m 2 ; volume = 0.31 m 3 ), hereafter called a "minicosm, " was installed in a clean room under controlled light and temperature settings (constant temperature of 20 • C). A cover made of high density polyethylene (HDPE) was used to seal the minicosm tightly to avoid light penetration. The minicosm was conical at the bottom, and ended with a sediment trap from which exported material was collected at the end of each experiment. The minicosm was filled with filtered surface seawater collected at 5 m depth from the Bay of Villefranche (Mediterranean Sea) using three trace metal clean Teflon pumps connected to PE tubes. Inline filtration was performed using a 0.2 μm cartridge (Sartorius Sartrobran-P-capsule with a 0.45 μm prefilter and a 0.2 μm final filter) and allowed to directly fill 25 L trace-metal clean HDPE containers that were kept in the dark until the seawater was transferred into the minicosm (less than 4 h for the entire operation). Seawater sampling and subsequent minicosm experiments were performed (1) in May 2011, at the beginning of the water column stratification while the phytoplankton bloom was ending (hereafter referred to as "May"), (2) in October 2011, at the end of the stratification period ("October"), and (3) in February 2012 during winter mixing ("February") (Figure 1) .
The same dust analog used during the DUNE experiments (see details in Guieu et al., 2010) was used to mimic a Saharan dust deposition at the surface of the minicosm. Briefly, the <20 μm fraction of soil collected in Tunisia was used after appropriate physico-chemical treatments in the laboratory, including dust processing with model cloud water to simulate processes during the atmospheric transport of aerosols. The particle number size distribution showed that 99% of particles had a size smaller than 1 μm. The dust analog, mostly made of quartz (40%), calcite (30%), and clay (25%), had the same P (and Fe) content with or without a chemical artificial aging, while concentration content of N was one order of magnitude higher after the dust was chemically processed due to the addition of HNO 3 in the simulated cloud water. Fe, N, and P represented 2.31, 1.15, and 0.05% (w/w) of the dust analog .
To mimic a Saharan dust wet deposition flux of 10 g m −2 at the minicosm surface (the same flux as during the DUNE experiment), 3.6 g of dust analog was diluted into 2 L of ultrapure water and sprayed at the surface of the minicosm. Sampling was done prior to the seeding, and 1, 3, 6, 12, 16, 24, 31, 48, 72, 96, 120 , and 144 h after the seeding. At the end of each experiment, less than 15% of the initial volume of the minicosm (300 L) had been removed for sampling over the course of the experiment. At each sampling time, samples were taken at 0.1, 0.3, and 0.6 m-depths through three sampling tubes with inlets at the center of the minicosm. A system of "float and weight" was linked to the three tubes to keep the sampling depths consistent throughout the experiment . Aliquots for the measurements of PO ) were immediately filtered with acid-cleaned 0.2 μm polycarbonate membrane filters (Nucleopore, Whatman). Filtrates were stored in 60 mL HDPE bottles and acidified to pH 2 (quartz-distilled HCl). The evolution of the particle size distributions, absorption of the chromophoric dissolved organic matter ( a CDOM), concentration of TEP [TEP] and [DFe] were also measured in the minicosm over the course of 1 week following seeding; in addition particulate organic carbon (POC) was measured in the material collected from the sediment trap of the minicosms. All those data are available in Bressac and Guieu (2013) . 
Nano-Molar Levels of Nutrients
Dissolved Inorganic Phosphorus
We used the same protocol (and equipment), based on Murphy and Riley's molybdenum blue method, as described by PulidoVillena et al. (2010) . Briefly LWCC was connected to a spectrophotometer and the measurements were performed in the visible spectrum at 710 nm. The 2-m length LWCC allowed for a detection limit of 1 nM and a relative standard deviation of less than 10%. The reagents were prepared daily according to the same protocol as in Zhang and Chi (2002) and Zimmer and Cutter (2012) .
Dissolved Inorganic Nitrogen
Dissolved inorganic nitrogen (DIN) in seawater is the sum of nitrate (NO ) were close to the detection limit in May and October. The analytical setup used was based on several studies (Yao et al., 1998; Zhang, 2000; Adornato et al., 2007; Li et al., 2008) . The analysis of NO − 3 + NO − 2 is based on the spectrophotometric Griess method (Chen et al., 2008) . NO − 2 absorbance was measured at 540 nm. A further reduction of NO − 3 to NO − 2 by a copperized cadmium column (Gal et al., 2004 ) was necessary to quantify NO − 3 present in the sample. The calibration curves were performed using standard solutions in ultrapure water diluting NaNO 2 and KNO 3 ("high purity" quality), which were previously dried at 60 • C for 2 h. We obtained (1) a reduction efficiency between 90 and 96%, (2) a repeatability standard deviation (RSD) of 3% for the reduction process, (3) a detection limit for [NO 
Particle Size Distributions
Particle size distributions of the 0.7-18 μm size range were determined by Coulter Counter (Beckman) using a 30 μm aperture tube. The particle size distribution in number concentration N(D) (part L −1 μm −1 ) was obtained after 5 replicate measurements and normalized using the extent of each size class as described by Bressac and Guieu (2013) . To follow the size evolution of the particles settling, the average particle diameter D avg (μm) was calculated as follows:
where the symbol i corresponds to the different size classes over the 0.7-18 μm size range, D i is the mid-point diameter of a given size class, and nPc = i N(D i ) is the total particle concentration over the 0.7-18 μm size range (part L −1 μm −1 ).
TEP Determination
Transparent exopolymeric particles (TEP) are acidic exopolysaccharides. This fraction can be quantified by spectrophotometry using Alcian blue stain. Samples (300 mL) were filtered through a 0.4 μm polycarbonate filter (Poretic) at low and constant vacuum (<150 mmHg) to preserve cells.
Material retained on the filter was stained with 500 μL of an aqueous solution of 0.06% acetic acid (pH 2.5) and 0.02% Alcian blue (Sigma, 8GX). After a few seconds, the filter was dried and rinsed with 1 mL milliQ water, and subsequently stored at -20 • C until analysis. TEP concentration was measured according to the dye-binding assay (Passow and Alldredge, 1995) , 6 mL of 80% sulfuric acid was added to samples, followed by immediate vortexing. Following incubation at room temperature for 20 h, absorption was measured at 787 nm. TEP values are expressed as xanthan gum weight equivalent (Xequival L −1 ) calculated by means of a calibration curve. The carbon content of TEP (TEP-C) was estimated from colorimetric determinations according to Engel and Passow (2001) .
TEP-C was measured in situ for the 3 experiments. The evolution of the TEP-C after dust addition in the minicosm was followed in samples collected at 0.3 m depth in October and February. No minicosm data is available for the May experiment.
Results
To better understand the relationship between the dynamics of the nutrients and the particles, we took the average values of the 3-depths for each parameter (nPc, D avg , [NO 
Particle Size Distribution
The evolution of nPc (Figures 2A,B,C) and D avg ( Figures 2D,E,F) are presented as the average of the values measured at the three sampling depths. Briefly, a maximum D avg was observed during the first 3 h of the three experiments [1.9 μm at T 3 (May), 1.4 μm at T 1 (October), and 1.8 μm at T 3 (February)], before decreasing and reaching the lowest values at T 144 (0.98, 0.95, and 0.91 μm in May, October, and February, respectively). The decreases in D avg were concomitant with marked increases in nPc, which were observed particularly in May and October (Figures 2A,B,D,E) . In May between T 12 and T 31 , nPc increased from 6.4 × 10 8 to 1.9 × 10 10 part L −1 μm −1 , and in October nPc increased from 2.9 × 10 9 to 3.7 × 10 10 part L −1 μm −1 between T 6 and T 12 . After reaching a maximum, nPc decreased slightly but remained high until the end of both experiments (1.1 × 10 10 and 1.5 × 10 10 in May and October, respectively at T 144 ). In February, a one order of magnitude increase in nPc was observed at the end of the experiment between T 96 and T 144 (4.5 × 10 9 to 3.5 × 10 10 ) whereas D avg was ∼1 μm. This pool of submicron particles corresponding to the lower size range of the dust population, are numerically dominant (cf. Section Minicosm Experiment).
Evolution of Nitrate Concentrations
In May, [NO (Figures 2C,I) .
The dust addition allowed a maximum change in NO − 3 stock of +19.2, +9.2, and +1.2 mmol m −2 in May, October, and February, respectively (Figure 3) .
Evolution of Phosphate Concentrations
For all seasons, the release of PO 3− 4 occurred mainly during the first 3 h after dust addition following the D avg pattern (Figures 2D,E,F,J,K,L) .
[PO stock of +27.2, +7.5, and +32.5 μmol m −2 in May, October, and February, respectively (Figure 3) . Six days after seeding, the PO 3− 4 stock was +2.5 μmol m −2 (May), +0.8 μmol m −2 (October), and -0.8 μmol m −2 (February) compared with the initial PO 3− 4 stock (Figure 3) .
Evolution of TEP-C Concentrations
In October, after the dust addition, the TEP-C concentration increased from 0.4 to 5.0 μmol C L −1 between T 0 and T 0.5 and the largest increase (10.3 μmol C L −1 ) was observed 24 h after, with concentrations close to the level of those observed in situ (15.4 μmol C L −1 ). After TEP was completely removed by filtration, almost the same amount of TEP was formed by precursors 1 day after the dust addition. Afterward the TEP concentration decreased to ∼3.2 μmol C L −1 until the end of the experiment (Figure 4) . In February, the rate of TEP formation was slower than in October with an increase in production (6.9 μmol C L −1 ) 6 h after dust addition (Figure 4) , then the TEP concentration decreased until the end of the experiment.
Discussion
Release of Phosphate and Nitrate Controlled by Particle Dynamics
99% of the number of dust particles used to seed the minicosm were submicronic particles . According to Stokes' law, the settling velocities of particles are a function of their diameter and we expected the settling of largest particles rapidly after dust addition, followed by a numerically dominant slowly settling particle population with a diameter smaller than 1 μm. This is illustrated by Figures 2A,B ,C,D,E,F as an increase in D avg during the first 3 h after dust addition, followed by a decrease in D avg until the end of the three experiments, while a concomitant increase in nPc was also observed.
Nitrate vs. Particle Size Dynamics
For all seasons, [NO − 3 ] max was measured when the submicron mineral particles were abundant, i.e., high nPc and D avg smaller than 1 μm. This is in agreement with heterogeneous reactions on the surface of mineral particles in the atmosphere. Indeed, during the atmospheric transport of Saharan dust, heterogeneous reactions with compounds such as gaseous nitric acid occur on particle surfaces rich in calcium carbonate (Usher et al., 2003; de Leeuw et al., 2014) . These reactions facilitate formation of nitrate coatings on particle surfaces (Laskin, 2005) . The observed decrease in D avg led to an increase in the overall surface area to volume ratio, and thus an increase in the relative amount of NO − 3 on the dust surface (Vlasenko et al., 2005) .
Phosphate vs. Particle Size Dynamics
An increase in ] avg occurred during the first 3 h after dust addition while the largest mineral particles were settling down. Such a fast release is in agreement with previous batch experiments indicating that 65% of the PO within the first 6 h (Ridame and Guieu, 2002) . Despite a similar simulated dust flux of 10 g m −2 for each experiment, the maximum increase in PO 3− 4 stock was lower in October than in May and February (Figure 3) . The lowest D avg in October ( Figure 2E) suggests that the non-homogeneous distribution of mineral particles controlled the release of PO 3− 4 from dust.
Adsorption of Phosphate onto Ferric Oxide-Rich Particles and Link between DFe and PO
3− 4
After the dust addition, there was a sudden transient increase in ] avg attributed to a release from the largest particles, followed by a decrease in ] avg for the three experiments corresponding to the decrease in D avg (Figures 2D,E,F,J,K,L) . In abiotic conditions, such a decrease can be attributed to the removal process of adsorption of freshly released PO 
Correlation between DFe and PO
3− 4
When comparing the respective evolutions of [DFe] and ] (Figure 5) , a good correlation (R 2 = 0.91, p < 0.001) was observed in February indicating that the post-depositional processes (both dissolution and removal processes) could be similar for the two elements. In February, DFe dissolution was very fast (occurring during the first 3 h after seeding) and was followed by DFe adsorption onto the submicron mineral particles . Strong correlation between DFe and PO 3− 4 in February indicates that both DFe and PO 3− 4 removal from seawater was due to their adsorption back onto the submicron mineral particles.
In May, a good linear relationship (R 2 = 0.84) between [DFe] and [PO 3− 4 ] was only observed at 0.3 and 0.6 m but not at 0.1 m-depth. At 0.1 m, DFe release in seawater was found to be controlled by a dust-DOM aggregation process . The aggregation process likely resulted in a decrease in accessibility to surface adsorption sites. While DFe, for which some dissolved organic compounds have a strong affinity ( Van den Berg, 1995; Barbeau, 2006) , was removed from the dissolved phase, PO 3− 4 was likely not affected by the aggregation process. At 0.3 and 0.6 m, the positive linear correlation seems to indicate that the removal of both PO 3− 4 and DFe from seawater was independent of dust-DOM aggregation but rather controlled by adsorption processes onto the submicron mineral particles, similar to what was hypothesized for February.
In October, the correlation between the two nutrients (at the 3-depths) was weaker than in February (R 2 = 0.70), but still significant (p < 0.001). This could be explained by the dust-DOM aggregation process still present but weaker than in May .
Adsorption of PO 3− 4 onto the Submicron Particles Rich in Iron Oxide
Based on previous studies of the interaction between iron oxides and PO can react with poorly crystallized hydrous iron oxides. Sei et al. (2002) showed the presence of iron oxides in kaolinite with a large specific surface area enhanced PO The dissolved-particulate exchanges of phosphorus from dust are controlled by iron oxide rich particles. We assume that the dust-DOM aggregation process, occurring particularly in May, could prevent the interaction between PO 
The Seasonal Variability of Nitrate Input from Saharan Dust: Does the DOM Matter?
By taking into account the vertical dimension and thus the temporal variability of the distribution of mineral particles, our minicosm approach showed that the release of NO − 3 was not instantaneous or total after dust addition. This differs from results presented by Ridame et al. (2014) who conducted a batch dissolution experiment using the same dust analog but in artificial DOM-free seawater. This study showed a complete dissolution of NO x occurred within 3 h after dust addition (Ridame et al., 2014) .
Here we found a strong variability of NO − 3 dissolution from dust at the 3 explored seasons (the difference between nutrient stock when NO − 3 release was maximum and initial stock were 19.2, 9.2, and 1.2 mmol m −2 in May, October, and February, respectively) (Figure 3) . One possibility for the observed variability could be a link between NO − 3 dissolution and the quantity and quality of DOM described by Bressac and Guieu (2013) . Indeed, it was quite variable according to the season: in May (post-bloom condition), the seawater was characterized by an abundant and newly produced DOM, whereas in February (winter mixing), the DOM was less abundant and likely older ( Table 1) . Although to our knowledge such link has not been proposed in the ocean, some interesting hypotheses can be made. Bressac and Guieu (2013) showed that [DFe] resulted from contrasted post-deposition processes linked to the DOM pool. In May and October, with abundant and newly produced DOM conditions, the rapid formation of aggregates inducing a negative feedback on the [DFe] through scavenging, while a fraction of the DFe was likely organically complexed. In February, the low DOM content strongly limited aggregation allowing a strong iron dissolution that was followed by the (re)adsorption of DFe onto the submicron dust particles. This suggests that in February the submicron mineral particles would be richer in iron oxides than in May in the first few hours after seeding. The same particles would release 10-20 times less NO − 3 compared to any other season (see above Section). One possible explanation could be that some reactions involving iron and DOM could transform the chemical form of N following "the ferrous wheel hypothesis" as defined Davidson et al. (2003) to explain abiotic immobilization of N in mineral soils rich in iron. This would involve a reduction of NO − 3 to NO − 2 by a redox reaction with Fe(III) and a nitration reaction with DOM to transform NO − 2 to dissolved organic nitrogen (DON). This is speculative, however, because DON was not measured in our study. Nevertheless, the link between NO − 3 and DOM in the ocean still need further investigations to explore these potentially important dynamics.
Biogeochemical Effects
Bioavailability of Atmospheric Nutrients
At initial conditions, the NO (Ridame et al., 2014) ] and is comparable to our initial conditions in May and October. At the end of the DUNE 2 (R1) mesocosms experiment, the NO − 3 /PO 3− 4 ratio was >150 which led to P limitation conditions. In the present study, we also observed a strong increase in the NO in atmospheric deposition compared to the classical Redfield Ratio (i.e., Herut et al., 1999 Herut et al., , 2002 Baker et al., 2010; Markaki et al., 2010) . In the Mediterranean Sea ratio up to 87 were found in seawater leachable dust samples (Herut et al., 2002) and ratio in total atmospheric deposition ranging 46-161 were found over the whole Mediterranean Sea (Markaki et al., 2010) . Much higher ratio have even been found in the NW Mediterranean Sea for very intense anthropogenic episodes (soluble inorganic N/soluble inorganic P > 1000; Sandroni et al., 2007) . Such unbalanced NO found in the Mediterranean Sea as hypothesized by many authors (i.e., Herut et al., 1999; Markaki et al., 2010) .
The results obtained in this abiotic study along with those obtained from mesocosm experiments representing the natural environmental assemblage can facilitate a better understanding of the fate of atmospheric nutrients in LNLC waters. For example, our May experiment can be compared to in situ results obtained during the DUNE-1-P and DUNE-2 (R1) mesocosm experiments (Pulido-Villena et al., 2014; Ridame et al., 2014) . This mesocosm experiment was conducted in a nutrient-depleted system during the stratification period. NO − 3 and PO 3− 4 released from dust after the simulation of a wet deposition, was followed by an increase in bacteria respiration (Pulido-Villena et al., 2014) and primary production (Ridame et al., 2014) . The phytoplankton PO 3− 4 requirements estimated in DUNE-1-P and DUNE-2 (R1) were +25 and +18 μmol m −2 , respectively (Ridame et al., 2014) . The increase in PO 3− 4 stock in May (+27 μmol m −2 , Figure 3 ) was of the same order of magnitude as for the transient increase observed in DUNE-1-P (+21 μmol m −2 ) and DUNE-2 (R1) (+24 μmol m −2 ) experiments (Ridame et al., 2014) . This indicates first that PO 3− 4 release from dust can fulfill the phytoplankton requirement. Second, the fast disappearance of the PO 3− 4 following its release from dust in the mesocosm experiment was due to the rapid uptake (PO 3− 4 turnover times were estimated to be ∼1 h using a 33 P uptake technique on the upper stratified water of the Mediterranean sea, Moutin et al. 2002) resulting in a fast increase (within 2 days) in bacteria respiration and primary production by heterotroph/autotroph communities that characterize this oligotrophic system. This suggests that biological uptake was faster than the adsorption of PO released from a dust event would rapidly be removed by the adsorption process onto sinking mineral particles. Nevertheless, with favorable weather conditions the rapid release of PO 3− 4 and DFe ) from dust could stimulate biological activity during months characterized by low irradiance.
Abiotic Formation of TEP
Owing to their surface-reactive nature, the abiotic formation of TEP is an important pathway to convert dissolved into POC (Figure 4) increasing the possibility to aggregate DOM. The organic aggregates can interact with the mineral particles and lead to "abiotic POC export" that influences carbon export to the deep ocean (Ternon et al., 2010) . The highest flux of abiotic POC was found in May [20.0 mg m −2 .d −1 , compared to 9.6 and 6.1 mg m −2 .d −1 in October and February, respectively ] and suggests that this month has the largest abiotic formation of TEP. The consequences of such strong aggregation and export, in particular on the microbial food web, are unknown.
Conclusion
Minicosm experiments mimicking artificial dust deposition in abiotic conditions were performed during three seasons representing contrasted biogeochemical conditions. Monitoring [NO This work demonstrates the importance of taking into account the settling of particles while the dissolved/particulate phase reactions occur, as these new nutrient dynamics are intrinsically linked to particle dynamics. Additionally, particle dynamics are conditioned by the quality/quantity of DOM, suggesting that the post-deposition processes of NO are likely indirectly linked to the quality/quantity of DOM. Consequently, the seasonality of the quality/quantity of DOM implies a nonconstant potential impact of atmospheric new nutrients in the surface waters over the course of the year. The next step of this work will be to consider how on-going environmental changes (such as temperature increase and pH decrease) affect the release of atmospheric nutrients, including organic forms.
